| INTRODUCTION
Listeria monocytogenes (LM) is an important bacterial pathogen, which can affect humans and a wide variety of animal species. [1] [2] [3] Clinical signs of the disease include abortions, neurological diseases and septicemia with a high mortality rate. 2, 4 Septicemia is more common in neonates. 5, 6 The majority of infected ruminants are asymptomatic carriers that shed the bacterium into their environment with feces. 1, 7 Especially the contamination of unprocessed food products is of great concern. 8, 9 Listeriosis outbreaks remain an important problem globally. 10, 11 In the EU, a steady rise in notifications in human cases in the past decade was observed, 10, 12 whereas in the United States the incidence of listeriosis has remained stable or even declined since 2003. 12, 13 However, the decline in human listeriosis in the United States was not reported in cases related to dairy products. 11, 12 Many cases in the United States, however, still remain undetected or unreported.
14 Abbreviations: CI, confidence interval; HI, heat index; LM, Listeria monocytogenes; OR, odds ratio; qPCR, quantitative polymerase chain reaction.
In bovine dairy and beef operations a highly variable prevalence of LM was reported (2.7%-92%). 9, [15] [16] [17] [18] [19] [20] Silage, hay, bedding, and water were considered as major sources and possible reservoirs of LM in the agriculture. [21] [22] [23] [24] [25] [26] [27] Because of the ability of LM to thrive in many habitats and hosts, eradication of LM from the farm environment is highly unlikely. 28 It is, therefore, important to improve our understanding of LM epidemiology to be able to limit its transmission between animals and from animals to humans, 2 especially pregnant women and immunocompromised individuals. 13 Most studies in cattle investigated the prevalence of LM in large scale intensive production units. 9, 16, 18, 20, 29 However, it is important to realize that smaller family farming represents the most prevalent farming model in the EU, 30 and that 88% of all United States farms are small family farms. 31 Smaller family farming creates 58% of all direct farm sales to consumers in the United States. 31 Such epidemiologically rich environment with a tendency for an efficient direct contact with the local consumer can be the source for LM perpetuation between animal and to humans in the community. Therefore, the purpose of this study was to investigate risk factors associated with fecal shedding of LM in small to midsized family operated dairy farms.
| MATERIALS AND METHODS

| Study design
| Longitudinal study
Animal samples
The study was conducted on 20 family run dairy farms in the northern hemisphere in a region with 4 distinct seasons. The average milk yield per year was 6605.2 L milk/cow (3727.32-8876.64 L milk/cow).
Farms included had a year round calving. The number of animals sampled was variable throughout the year; the smallest sample size per farm was 17 and the highest was 55. Animals were confined or turned out on the pasture depending on the season. None of the farms were certified organic operations. Diseases present on farms were mostly of metabolic origin, followed by infections of the udder, uterus, lungs, and/or gastrointestinal tract. Diet mainly consisted of fresh grass and silage (19/20 farms); 1 farm fed fresh grass and hay. Most products from these farms were sold directly within the local community.
Fecal samples were collected individually from all cows (n = 10692), and all calves under the age of 6 months (n = 2442), which were present on the farm on the day of sampling in exactly 2 weeks intervals over a period of 1 year (27 sampling days). Samples were taken from the rectum using clean latex gloves (Shield, UK). Cow and calf fecal samples from each farm were pooled in the laboratory within 1 day after collection: 1 g of fecal sample from each individual was used in the pooled sample. Pooled samples were then diluted in a 1 : 3 ratio with a sterile saline solution. The aliquot of 2 mL of every pooled sample were stored (Eppendorf Tubes, Germany) at −70 C for future analysis.
Environmental samples
Environmental samples were collected on every farm during spring (May). Manure, silage/hay, and dirt samples from each farm (n = 60)
were collected in sterile 10-50 mL tubes (Sarstedt, Germany). 
| Detection of LM
and L. grayi undetected), while LOD and LOQ were determined at 4.4
LM cells/g feces and 440 LM cells/g feces, respectively. The cut-off value was set at 41 C t .
Environmental samples (feed, manure, dirt) were cultured as previously described. 35 Samples were inoculated into selective media 
| Data collection and statistical analysis
Information regarding feeding regimens, diseases, and treatments were obtained from farmers, farm veterinary services, and the Central Husbandry Register. Heat index 36 was obtained from the nearest National Meteorological Service weather station. A mean value for heat index was calculated over the period of 7 days before each sampling day.
The outcome in this study was the presence of LM (present, not present) on the farm, and within the 2 subgroups: (1) cows, (2) calves to up to 6 months of age. Calves older than 6 months (heifers and bull calves) were not included because of higher risks for handlers. The 95% confidence interval (CI) for the prevalence was estimated using the normal approximation with continuity correction. Benjamini-Hochberg method to control the false discovery rate. Significance level was set to 0.05 for adjusted P-values.
After univariate assessment, multivariate model was built using all risk factors.
Statistical analysis was performed using R language for statistical computing (R version 3.0.1). 37 3 | RESULTS
| Listeria monocytogenes prevalence 3.1.1 | Farm prevalence
Listeria monocytogenes was detected in all fecal samples using qPCR from all farms on at least 1 sampling day per year. Listeria monocytogenes was identified on none (0%), or up to 9 (9/20; 45%) farms per each sampling day. Throughout the year, the overall farm LM prevalence was 22.8%.
| Cow prevalence
Ninety-eight (98/540; 18.2%; 95% CI: 15.0%-21.7%) pooled cow fecal samples were positive for LM using qPCR. Cows on each farm were positive for LM on 1 to up to 11 sampling days throughout the year (3.7%-40.7%).
| Calf prevalence
Forty-three (43/511; 8.4%; 95% CI: 6.2%-11.3%) pooled fecal samples from calves were positive for LM using qPCR. Calves on each farm were positive for LM on none to up to 7 sampling days throughout the year (0%-25.9%). Figure 1 ).
Fecal shedding of LM in cows was associated with the meteorological season (P < .01), with highest prevalence during spring (OR:
5.7; 95% CI: 2.6-12.2; P < .01) followed by summer (OR: 3.2; 95% CI:
1.5-7.0; P = .01) and autumn (OR: 3.0; 95% CI: 1.4-6.6; P = .02; Table 2 ).
In calves, dietary changes were associated with lower odds for fecal shedding of LM (OR: 0.493; 95% CI: .49-0.495; P < .01). Heat index (P = .03) and meteorological season (P < .01) were associated with fecal shedding of LM in calves (Table 3) . Moderate environmental temperatures (50 F-60 F) were associated with lower odds for fecal shedding of LM in calves (Table 3 , Figure 1 ). Fecal shedding of LM in calves was highest during spring season (OR: 6.7; 95% CI: 2.2-20.8; P < .01; Table 3 ).
| Multivariate analysis of risk factors
Heat index (P = .05) and meteorological season (P = .04) affected fecal shedding of LM on a farm level. Spring season was identified as Dashed line is 95% CI the risk factor associated with fecal shedding of LM on a farm level (OR: 3.2; 95% CI: 1.3-7.8; P = .01; Table 1 ).
Only the meteorological season influenced fecal shedding of LM in cows (P = .03), with spring having the most positive influence on fecal shedding of LM (OR: 4.0; 95% CI: 1.5-10.7; P < .01; Table 2 ).
In calves, only heat index (P = .05) influenced fecal shedding of LM (Table 3) .
| DISCUSSION
Listeria monocytogenes is often found in the microbiota of ruminants, and represents a serious health hazard for the community, 2,38 with dairy and other farm products being the most important vehicles for the transmission of infection. 17, 20, [38] [39] [40] This study was performed on small to midsized family operated dairy farms, which are increasingly recognized as a core farming unit in the EU and USA. Strong social and commercial link between these farms and the local community can contribute to efficient distribution of the zoonotic agent from farm animals to humans. 40, 41 The important finding of this study is that fecal shedding of LM in dairy cows and calves is highest during meteorological spring (March, April, and May), and is unrelated to the change in diet. Clear comparison between conserved (silage, hay) and fresh forages was not possible because all farms intermittently supplement diet with conserved forages throughout the year.
Several reports considered stress related to changes in diet of cows and calves as being the most important risk factor influencing the prevalence of LM. 16, 18, 42, 43 Historically, the most prominent risk factor for LM shedding and clinical listeriosis in ruminants was considered the inclusion of silage in diet. 2, 9, 16, 18, 44, 45 Several studies, however, could not identify silage as a significant risk factor for LM shedding, 2, 17, 19, 27 which is also consistent with findings of this study.
We have even detected a negative association between dietary related changes and fecal shedding of LM in calves. Most farms included in this study had silage included in their diet. One farm fed grass hay only. This farm had fecal samples positive for LM in calves and cows on several sampling days, and had LM present in manure and the grass hay.
Listeria monocytogenes was found on at least 1 sampling day on all farms included in this study. The overall LM prevalence in cows was 18.2%. Other studies reported the prevalence from 2.7 to 92%. 9, [15] [16] [17] [18] [19] [20] Calves in our study had a prevalence of 8.4%, which is higher than the prevalence of 3.75% reported previously in cow-calves and feedlot operations in California. 27 The difference in LM prevalence between this and other studies 9, [15] [16] [17] [18] [19] [20] 27 can be related to the representing farming model, meteorological season and the longitudinal nature of the study. Because of high day-to-day variation in LM shedding in cattle feces, only a continuous long-term interval sampling, such as in this study, can adequately associate LM prevalence, and its association with appropriate risk factors. 9, 16, 18 Meteorological season was previously identified as an important risk factor associated with LM fecal shedding, 15, 46 and suggested that LM in cattle has a seasonal pattern with a peak in fecal shedding during the colder months of the year. 15, 18, 27 Studies, which associated the prevalence of LM with the meteorological season (winter and/or spring) have proposed that the increase in prevalence would be because of the decaying quality of silage, increased animal density during winter, and/or spring application of manure for fertilization. 2, 18, 46 This study showed a significant increase in fecal shedding of LM during the meteorological spring. Nightingale et al reported the highest prevalence during calendar winter and spring. 15 However, conclusions were based on comparison between farms with clinical listeriosis and those without recorded cases of clinical listeriosis. 15 Listeria monocytogenes multiplies better than most other bacteria at refrigerator temperatures. 47 The ability of LM to multiply in colder months may be the main reason for increased shedding during the meteorological spring, which, considering the incubation period in human listeriosis, 48 corresponds with increased incidence of listeriosis in humans during summer months. 49 This study identified lowest LM shedding patterns at midrange temperatures. However, higher LM fecal shedding was not observed during meteorological autumn, which has similar moderate environmental temperatures to spring meteorological season. It seems that cold environmental temperatures give LM the advantage during the transition from cold to warmer months, with increased growth in biological substrates, and consequently increased fecal shedding and infectibility during meteorological spring. Winter, which was often highly associated with higher LM prevalence, had the lowest association with fecal shedding of LM in this study compared with other seasons.
Our results cannot directly associate silage to fecal shedding of LM and the decaying quality of conserved forages as discussed above.
Lower quality of silage is an appropriate medium for LM multiplication and infection, but the bacterium can also be present in concerning numbers in high-quality silage. 50 Other risk factors analyzed in this study, which are often associated with animal stress, did not influence LM fecal shedding. This is in contrast with other reports, which correlated mastitis and abortion, 3 antiparasitic treatment, 16 mixed breed, 3 animal density/herd size, 3, 18, 51 and farm management 15, 52 with the prevalence of LM. However, these studies are also fundamentally different with regards to climate, 3 chronology of sampling, 3, 15, 16, 18, 50, 51 time of sampling, 3, 15, 16, 18, 50, 51 and the source of samples. 51 In conclusion, dietary change from fresh to conserved forage, which was historically associated with listeriosis, was not associated with fecal shedding of LM in this study. Fecal shedding of LM is associated with the meteorological season and environmental temperatures, which is consistent with the biology of LM. The prevalence of LM on midsize family farms is lower than that reported on bigger intensive dairy cattle operations. It is also likely that LM would be detected on any dairy farm or farm animal breeding operation if longterm sampling and short sampling intervals were applied. Therefore, hygiene remains the most important strategy for the prevention of LM dissemination and listeriosis outbreaks. Preliminary data from this study were presented as a research report at the 2016 ACVIM Forum, Denver, CO.
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